Abstract. Huntington's disease (HD) is a progressive neurodegenerative disorder caused by an expanded CAG trinucleotide repeat sequence in the huntingtin gene. The resulting poly-glutamine expansion in the huntingtin protein imparts a novel toxic gain of function causing selective loss of medium spiny neurons (MSNs) in the striatum. Although the exact mechanism of cell death is unclear, recent evidence suggests involvement of NMDA-receptor mediated excitotoxicity and aberrant cyclin dependent kinase 5 (cdk5) activity in striatal cells undergoing neurodegeneration. In this study we directly tested the effect of reduced levels of p25 and p35, two proteins required for cdk5 activation, on striatal neurodegeneration using mice with targeted deletion of p35. Quinolinic acid (QA) injected into the striatum of mice causes NMDA-receptor mediated cell death, and these QAinduced striatal lesions were examined in p35 hemizygous null (p35+/−) and wildtype (WT) mice. Striatal QA lesion volumes were 30% smaller in p35+/− mice than in WT mice. Furthermore, primary neuronal cultures of MSNs from P0 p35+/− pups displayed 33% less apoptotic neurons following NMDA treatment than those from WT pups. Examination of YAC128 mouse model of HD showed elevated p25 levels in striatum following intrastriatal QA injection. Our findings provide direct evidence for p25 and p35 involvement in excitotoxic neurodegeneration of MSNs and suggest a role for the cdk5 pathway in HD striatal neurodegeneration.
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INTRODUCTION
Huntington's disease (HD) is a neurodegenerative genetic disorder caused by polyglutamine expansion in the N-terminal domain of the huntingtin protein [1] . A major pathological hallmark of the disease is selective striatal degeneration resulting from the loss of medium spiny neurons in the caudate/putamen [2] . Although the pathological mechanism of the selective neuronal loss is unclear, studies from full-length mutant huntingtin (mHtt) transgenic mice have demonstrated increased sensitivity to NMDA excitotoxicity in the striatum [3] . NMDA-receptor activity, mitochondrial function, and intracellular IP3 receptors are altered in the presence of mHtt and lead to increased intracellular calcium load [4] . Calcium influx leads to activation of calcium-mediated proteases including various calpains [5] , which are increased in HD brains and YAC128 mice [6, 7] .
Cyclin-dependent kinase 5 (cdk5) is a prolinedirected serine/threonin kinase that is activated when bound by its neuronally enriched activators p35 or p39 [8] [9] [10] [11] . Cdk5 plays an important role in neuronal migration, neuronal differentiation, axon guidance, axonal transport, and synaptic plasticity [12] [13] [14] . On the other hand, cdk5 dysregulation resulting from cdk5 activation by p25 has been shown to be involved in neurodegeneration associated with a number of neurological disorders including Alzheimer's and Parkinson's diseases [13] [14] [15] [16] . Under excitotoxic conditions, p35 is cleaved by calpain resulting in the formation of p25 [17, 18] . p25 lacks the n-terminal myristoylation signal, resulting in altered localization and abnormal protein interaction which may lead to neurodegeneration [16, 18, 19] .
Recently, a number of studies have highlighted increased p25 in HD models of striatal neurodegeneration. In an immortalized striatal cell line, presence of mHtt increases D1-mediated cell death which was accompanied by an increase in p25 level [20] . In a rat model study, 3-NP mediated striatal lesion was accompanied by an increase in p25 [21] . In this study we examined the impact of reduced p25 and p35 levels on excitotoxicity-mediated striatal neurodegeneration using p35 hemizygous null (p35+/−) mice. With a 50% reduction in p35 level, these mice show decreased p25 levels [22] . We report that p35+/− mice show 30% smaller striatal quinolinic acid (QA) lesions and medium spiny neurons (MSNs) from these mice show a 33% reduction in NMDA-mediated apoptosis in culture. Furthermore, we report that striatum from the YAC128 mouse model of HD have an increased p25 response following intrastriatal QA injection. Our findings suggest that reduction of cdk5 activators, p25 and p35, maybe neuroprotective in HD striatal neurodgeneration. Further experiments are necessary to determine the role of p25 in HD neurodegeneration.
MATERIALS AND METHODS
Animals
YAC128 (FVB background; [26] ) and p35+/− (B6 background; [22] ) mice were used in this study. Mice were maintained on a 12-hour light/dark cycle with free access to food and water. All animal protocols were approved by the Animal Care Committee at the University of British Columbia.
Intrastriatal QA injections
All surgical procedures were performed in accordance with University of British Columbia Animal Care Committee guidelines. QA (Sigma) was dissolved into 0.1 M PBS. Mice were anesthetized with 1.5% isoflurane and received intrastriatal injections of QA. Coordinates of the injection site are as follows: 0.8 mm posterior to Bregma, 1.8 mm lateral from the midline and 3.5 mm below the dorsal surface of the neocortex. For YAC128 vs. WT study (FVB mice), 8 nmoles of QA in 0.4 l volume was injected. And for p35+/− vs. WT study (B6), 10 nmoles of QA in 0.5 l volume was injected.
QA lesion volume analysis
All quantitative analysis was done blind with respect to genotype. Five days after intrastriatal QA injection, mice were terminally anesthetized by intraperitoneal injection of 2.5% avertin and perfused with 3% paraformaldehyde (PFA) in PBS. The brains were stored in 3% PFA in PBS for 24 h at 4 • C then removed and stored in PBS. Before sectioning, brains were transferred to a 30% sucrose solution containing 0.08% sodium azide in PBS, left overnight then mounted using Tissue-TEK O.C.T. compound (Sakura). Mouse brains were cut using a cryostat (MicromHM500M, Richard-Allan Scientific) and coronal sections (25 m) spaced 150 m apart were stained with Fluro-Jade (Histo-Chem). The perimeter of the striatal lesion for each section was traced using StereoInvestigator software (Microbrightfield). For assessment of the number of Fluoro-Jade-positive cells, a 25 × 25 m counting frame was randomly placed within the delineated lesion area and then systematically moved through the striatum. The number of FluoroJade-positive cells was then determined by StereoInvestigator software (Microbrightfield).
Primary neuronal cultures
Striatal cultures were prepared from postnatal day 0-1 (P0-P1) wild-type C57BL/6 mice or p35+/− mice as described previously [3] and plated at a density of approximately 2 × 10 5 cells/well in 24-well plates with Poly-D-Lysine (250 g/ml) precoated 12 mm glass coverslips. Neuronal cultures were grown in serum-free plating medium (PM) (B27, penicillin/streptomycin, ␣-glutamine, Gibco's Neurobasal medium), maintained in a humidified 37 • C incubator with 5% CO 2 , and refreshed every 5 days by replacing half of the medium.
NMDA-induced toxicity
Striatal neurons (DIV 8-9) cultured in 24-well plates were incubated with 100 M NMDA or 500 M NMDA for 10 min, washed once with warm PM, and then incubated in conditioned PM for 24 hours. Then cells were washed with PBS once and fixed with 4% PFA in PBS for 30 minutes.
TUNEL assay and assessment of apoptosis
Fixed striatal cultures on coverslips were randomly coded according to different conditions before staining to ensure that the operator was blinded during the subsequent processing and analysis of immunofluorescence. Striatal cultures were stained with TUNEL (Roche) reagent and 10 M Hoechst 33342 as described previously [23] . Coverslips were then mounted on slides with Fluoromount-G. The percentage of apoptotic cell death for cultured striatal neurons was assessed by counting the numbers of TUNEL positive cells (green fluorescent channel), which also showed condensed and blebbed nuclear morphology in the blue fluorescent channel, then dividing by the total number of Hoechst positive cell nuclei (blue channel) and multiplying by 100. At least 1000 neurons were counted per condition for each experiment (duplicate coverslips for each condition). Representative photomicrographs of immunofluorescent striatal cultures were taken using 63× lens by Northern Eclipse software or Axio Vision Rel. using a Zeiss Axiophot or Axiovert zoom microscope.
Western blotting
Western blotting was performed as reported previously [24] using supernatants from microdissected striatum. Protein quantities were determined using Qubit quantitation platform (Invitrogen). Samples were electrophoresed, transferred to nitrocellulose (Protran, Schleicher and Schuell, Dassel, Germany). Band density was analyzed using Quantity One software (Biorad, Mississauga, ON). Beta-tubulin (Sigma) was used as loading control. P35 antibody (C-9) was obtained from Santa Cruz Biotechnology and spectrin antibody was obtained from Millipore.
HRP-conjugated secondary antibodies were purchased from Southern Biotech.
Statistics
Two-way ANOVA, One-way ANOVA, Bonferroni post-test, and two-tailed unpaired t-test were performed where appropriate using Prism 4 for Macintosh (Prism v. 4.0, GraphPad Software Inc., San Diego, CA).
RESULTS
Striatal neurons generated from p35+/− mice have decreased sensitivity to NMDA-mediated excitotoxicity
To determine whether MSN sensitivity to NMDAreceptor mediated excitotoxicity is altered in p35+/− mice, we generated primary MSN cultures from postnatal day 0 pups of p35+/− and WT mice. These primary neuron cultures were challenged with NMDA and apoptotic neurons were measured by counting TUNEL positive neurons (Fig. 1A) . p35+/− MSN showed 33% decrease in the number of cells that were positive for TUNEL compared to WT MSN when challenged with either 100 M or 500 M NMDA (Fig. 1B , Two-way ANOVA, F = 25.85, p < 0.0001). Multiple comparison post-test showed statistical difference for 500 M NMDA treatment (p < 0.05). Therefore, MSN from p35+/− mice show reduced sensitivity to NMDAmediated excitotoxicity.
Decreased sensitivity to striatal excitotoxicity in p35+/− mice
A number of studies have reported upregulation of p25 in striatum either in the presence of mHtt or an excitotoxic chemical lesion [20, 21] . We examined the role of p25 level in excitotoxic striatal neurodegeneration using p35+/− mice. These mice show approximately 50% reduction in p35 levels [22] , resulting in decreased p25 response. Using these mice, we examined the effect of lower p25 and p35 levels on striatal lesion volume following intrastriatal QA injection, an excitotoxic chemical lesion model of acute MSN death that mimics some features of the neuronal loss in HD [25] .
Striatal p25 levels are increased following intrastriatal injection of QA (Suppl. ability between the QA samples likely reflects QA injection quality between the samples since the variance is much lower in PBS samples. Furthermore the p25 response following QA injection is reduced in p35+/− mice. As predicted, p25 level in p35+/− mice is approximately 50% of that in wildtype mice following intrastriatal QA injection (Suppl. Figure 2 ; http:// cmmt.ubc.ca/kpark/park supplementary data.pdf).
To determine whether striatal sensitivity to excitotoxic insult is reduced in p35+/− mice, 4-month old WT or p35+/− mice were injected intrastriatally with QA. The mice were sacrificed 5 days post-injection and striatal lesion volume was measured by measuring fuorojade-positive areas ( Fig. 2A) . p35+/− mice showed significantly smaller striatal lesion volumes compared to WT mice ( Fig. 2A) . Striatal QA lesion volume was approximately 30% smaller in the p35+/− mice, suggesting that reductions in p25 and p35 levels mitigate striatal sensitivity to QA-mediated excitotoxicity (Fig. 2B , two-tailed t-test, p = 0.035).
Striatal excitotoxicity results in elevated p25 levels in the presence of full-length mHtt
It has been shown that calpain activity is increased in the striatum of 2-month old YAC128 mice, which are a transgenic mouse model of HD [7] . Since p25 is generated by calpain-mediated cleavage of p35, we examined 4-month old YAC128 mice to determine whether basal p25 level is elevated in the striatum. Western blot analysis of microdissected striatum did not show a basal difference in either p25 or p35 levels (Fig. 3A) . The basal calpain activity was indirectly assessed by measuring the intensity of bands corresponding to the cleaved and full-length spectrin fragment on a Western blot. The ratio of cleaved and full-length spectrin band intensity was not different between YAC128 and WT mice suggesting that the calpain activity between YAC128 and wildtype mice was not different at this age in our study (Suppl . Figure 3 ; http://cmmt.ubc.ca/kpark/park supplementary data.pdf). Although striatal pathology is minimal at 4-months of age [26] , these mice display increased striatal sensitivity to QA-mediated excitotoxicity [27] . QA injection resulted in increased calpain activity compared to untreated mice as demonstrated by increase in the ratio between cleaved and full-length spectrin (Suppl. Figure 3 ; http://cmmt.ubc.ca/kpark/ park supplementary data.pdf). On the other hand, the ratios for QA injected YAC128 vs. WT were similar again suggesting that the caplain activation following QA injection is similar between YAC128 and WT mice (suppl. Figure 3 ; http://cmmt.ubc.ca/ kpark/park supplementary data.pdf). Nonetheless, Western blot analysis of QA injected YAC128 mice show increased p25 level in the striatum compared to wildtype mice (Fig. 3B, p = 0.0238) . The p35 level was not statistically different (Fig. 3B) . Therefore at On the other hand, p25 level is increased in the striatum of YAC128 mice (n = 6) compared to WT mice (n = 6) following intrastriatal QA injection (unpaired two-tailed t-test, *p = 0.0238). p35 level was not statistically different between YAC128 (n = 6) and WT (n = 6) striatum. Therefore, increased susceptibility to QA toxicity in YAC128 mice is associated with increased p25 levels.
an age where the mice show increased susceptibility to QA neurotoxicity, p25 levelin the striatum is also increased in response to QA.
DISCUSSION
Previous studies have demonstrated increased NMDA response and calpain activation in 2-month old YAC128 mice MSNs [7, 27] . The neurotoxic cdk5 activator p25 is generated by calpain-mediated cleavage of p35 under excitotoxic conditions [16] . It has been demonstrated that p25-mediated Cdk5 dysregulation may be involved in neuronal loss in a number of neurodegenerative disorders [14, 15] and is thought to result from altered subcellular localization and activity of cdk5/p25 complex [16] . Our results show that a reduction in the p25 response as a consequence of decreased p35 levels in p35+/− mice reduces NMDAmediated apoptosis of MSNs in culture and mitigates QA-mediated striatal degeneration in vivo. Additionally, we show that QA-induced striatal excitotoxicity results in an elevated p25 level in YAC128 mice compared to WT mice.
Elevated endogenous levels of QA are thought to play a role in HD neurodegeneration [28] . Intrastriatal QA injection recapitulates many neurodegenerative features of HD [25] and the QA level is elevated in the striatum of full-length mHtt HD mouse models [29] . In YAC128 mice, an increase in striatal QA levels is observed around 8-months of age and persists thereafter [29] . This increase precedes neuronal loss observed in these mice [26] , suggesting that QA may be involved in mediating neurodegeneration.
Examination of 4-month old YAC128 mice and WT mice in our study show that in the presence of mHtt, the p25 level is elevated in response to intrastriatal QA injection, despite the fact that we did not detect any difference in the basal p25 level between untreated YAC128 and WT mice. It is worth noting that the neuropathology is not pronounced in these mice at this age [26] . However, YAC128 mice do show an increased sensitivity to QA-mediated neurotoxicity at this age and display larger QA-mediated striatal lesions compared to WT mice [27] . Therefore, the elevated p25 level in the striatum in response to QA injection correlates well with the increased sensitivity to QAinduced neurodegeneration in YAC128 mice and may be involved in the striatal neurodegenerative process.
Despite the elevated p25 levels observed in the striatum of YAC128 mice, the ratio of the 150 kDa spectrin cleavage product to the 250 kDa full-length spectrin was not different between QA injected WT and YAC128 mice, suggesting similar levels of calpain activation between the two genotypic groups (suppl. Figure 3) . Since p25 is generated from calpainmediated cleavage of p35, the higher p25 level observed in YAC128 despite seemingly similar calpain activity is intriguing. The mechanism by which p25 is elevated may be one of the underlying mechanisms for neurodegeneration and needs further examination.
It is worth noting that a number of studies have suggested that Htt phosphorylation by cdk5 is neuroprotective in HD [30, 31] . A number of studies also suggest that cdk5 activation by p35 promotes neuronal survival [13] . As mentioned previously, p35+/− mice have reduced levels of both p35 and p25. Therefore, decreased p35 levels in these mice could have resulted in increased sensitivity to excitotoxicity. On the contrary, p35+/− mice showed reduced striatal sensitivity to QA-and NMDA-mediated neurotoxicity, demonstrating that the reduction in p25 and p35 levels are sufficient to impart neuroprotection against striatal excitotoxicity and suggesting that the cdk5 pathway may be a therapeutic target in HD.
Our findings in YAC128 mice demonstrate that in the presence of mHtt, the p25 level is increased in the striatum in response to NMDA-receptor mediated excitotoxicity. It has been shown previously that p53 levels are increased in the brains of full-length mHtt transgenic mice and HD patients [32] . p53 phosphorylation by p25-mediated cdk5 activation was shown to increase p53 stability and activity [33] . Based on these findings, we hypothesize that reducing p25 levels will lead to decreased p53 activity, and will ameliorate striatal neurodegeneration; further studies are necessary to determine the exact role of p25 in HD neurodegeneration.
In conclusion, our findings demonstrate that a decreased levels of the cdk5 activators, p25 and p35, imparts protection against excitotoxic striatal neurodegeneration in mice. Furthermore, elevated p25 level in the striatum of YAC128 mice following excitotoxic insult suggest a role for the cdk5 pathway in HD striatal neurodegeneration. Therefore, therapeutic strategies that modulate the cdk5 pathway may be effective in HD.
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SUPPLEMENTARY MATERIAL
Supplementary Figure 1 . Time course analysis of striatal p25 level in FVB WT mice in response to intrastriatal QA injections. Unilaterally injected striatum was examined at various time-points following intrastriatal QA injection. p25 level in the striatum was elevated in response to QA (Two-way ANOVA, treatment effect, p = 0.0498). QA injection samples showed large variability compared to PBS injection samples demonstrating the technical difficulty of intrastriatal QA injection. n = 3 mice per treatment and time point.
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Supplementary Figure 2 . p35+/− show reduced p25 levels in striatum in response to QA injection. p35+/− mice show approximately 40% reduction in p25 level compared to WT mice. n = 2 per genotype.
